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A cylindrical magnetic nanowire system composed of ferromagnetic core and shell layers has been
investigated by using effective field theory with correlations. Both ferromagnetic and antiferromag-
netic exchange couplings at the core-shell interface have been considered. Main attention has been
focused on the effects of the quenched disordered shell bonds, as well as interface bonds on the
magnetic properties of the system. A complete picture of the phase diagrams and magnetization
profiles has been represented. It has been shown that for the antiferromagnetic nanowire system,
the magnetization curves can be classified according to Ne´el theory of ferrimagnetism and it has
been found that under certain conditions, the magnetization profiles may exhibit Q-type, P-type,
N-type and L-type behaviors. The observed L-type behavior has not been reported in the literature
before for the equilibrium properties of nanoscaled magnets. As another interesting feature of the
system, it has been found that a compensation point can be induced by a bond dilution process in
the surface. Furthermore, we have not found any evidence of neither the first order phase transition
characteristics, nor the reentrance phenomena.
I. INTRODUCTION
Nowadays, magnetic nanostructures i.e. nanoparticles such as nanorods, nanobelts, nanowires and nanotubes have
drawn considerable attention from both theoretical and experimental points of view, due to their technological [1? ]
and biomedical [2–4] applications such as information storage devices and drug delivery in cancer thermotherapy. In
general, these fine particles are used for manufacturing biosensors [5] and permanent magnets [6]. Recent developments
in the experimental techniques allow the scientists to fabricate such kinds of fine nanoscaled materials [7, 8], and the
magnetization of certain nanomaterials such as γ − Fe2O3 nanoparticles has been experimentally measured [9]. In
particular, magnetic nanowires and nanotubes such as ZnO [10], FePt and Fe3O4 [11] can be synthesized by various
experimental techniques and they have many applications in nanotechnology [12, 13], and they are also utilized as
raw materials in fabrication of ultra-high density magnetic recording media [14–16].
On the theoretical side, much effort has also been devoted, and these systems have been studied by a wide variety
of techniques such as mean field theory (MFT) [17–23], effective field theory (EFT) with correlations [20–35], Green
functions (GF) formalism [36], variational cumulant expansion (VCE) [37, 38], and Monte Carlo (MC) simulations
[39–54]. Monte Carlo simulation [55] is regarded as a powerful numerical approach for simulating the behavior of
many complex systems, including magnetic nanoparticle systems. For instance, by utilizing this tool, Refs. [39–50]
investigated the exchange bias effect in magnetic core-shell nanoparticles where the hysteresis loop exhibits a shift
below the Nee´l temperature of the antiferromagnetic shell due to the exchange coupling at the interface region of
ferromagnetic core and antiferromagnetic shell. Furthermore, according to recent Monte Carlo studies, it has been
shown that the core-shell concept can be successfully applied in nanomagnetism since it is capable of explaining
various characteristic behaviors observed in nanoparticle magnetism [51–54]. On the other hand, EFT which is
superior to conventional MFT has been introduced for the first time by Kaneyoshi for ferroelectric nanoparticles
[20]. In a series of the consecutive studies, he extended the theory for the investigation of thermal and magnetic
properties of the nanoscaled transverse Ising thin films [23], and also for cylindrical nanowire and nanotube systems
[21, 22, 24–26, 30, 34].
Magnetic nanoparticles serve as a bridge between bulk materials and atomic or molecular structures. Physical
properties of a bulk material are independent from size of the material; however, below a critical size, nanoparticles
often exhibit size-dependent properties and some unique phenomena such as superparamagnetism [56, 57], quantum
tunneling of the magnetization [58], and unusual large coercivities [59] have been reported. As an example, it has been
experimentally shown that La0.67Ca0.33MnO3 (LCMN) nanoparticle exhibits a negative core-shell coupling, although
the bulk LCMN is a ferromagnet [60, 61]. Moreover, as a theoretical example, the total magnetizations in a nanoscaled
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2transverse Ising thin film with thickness L are investigated by the use of both the EFT with correlations and the
MFT, and it has been shown that the magnetization may exhibit two compensation points with the increasing film
thickness [23]. The phenomenon of the observation of two compensation points in the nanoscaled thin films has also
been reported for bulk ferrimagnetic materials [62–66]. However, the origin of the existence of such a compensation
point in the nanoscaled magnets are quite different from those observed in the bulk ferrimagnetic materials. Namely, a
compensation point originates in the bulk systems due to the different temperature dependence of the atomic moments
of the sublattices. However, nanoscaled magnetic particles such as nanowires or nanotubes exhibit a compensation
point, due to the presence of an antiferromagnetic interface coupling between the core and the shell, even if the lattice
sites in the particle core and shell are occupied by identical atomic moments. Hence, theoretical investigation of
ferrimagnetism in nanoparticle systems has opened a new field in the research of the critical phenomena in nanoscaled
magnetic particles [19].
Despite the growing technological advancements, it is still hard to fabricate pure nanomaterials. The existence of
a disorder, such as site or bond disorder in magnetic nanoparticle systems constitutes an important role in material
science, since it may induce some important macroscopic effects on the thermal and magnetic properties of these
materials. For instance, magnetic properties of CoFe2O4 particles with magnetically disordered surface layer, and
the surface spin disorder in NiFe2O4 nanoparticles have been investigated previously [67, 68]. In addition, spin-glass
surface disorder in antiferromagnetic small particles [17], and site dilution in surface shell of cylindrical Ising nanowire
(or nanotube) systems [24, 26] have been examined, theoretically. However, to our knowledge, diluted interface and
surface shell bonds in the core-shell nanoparticles have not yet been examined in detail, and the situation deserves
particular attention. Therefore, aim of this study is to clarify within the framework of EFT with correlations, how
the magnetism in a nanoparticle system is affected in the presence of disordered bonds in the surface shell and also in
the interface between the core and shell layers of the particle. For this purpose, the paper is organized as follows: in
Section II, we briefly present our model and related formulation. The results and discussions are presented in Section
III, and finally Section IV is devoted to our conclusions.
II. FORMULATION
FIG. 1: Schematic representation of an infinitely long cylindrical Ising nanowire (top view). Black circles denote the magnetic
atoms belonging to the core. Ferromagnetic core is surrounded by a ferromagnetic shell layer (gray circles) [26].
We consider an infinitely long nano-wire system composed of usual Ising spins which are located on each lattice
site (Fig. 1). The system is composed of a ferromagnetic core which is surrounded by a ferromagnetic shell layer. At
the interface, we define an exchange interaction between core and shell spins which can be either ferromagnetic or
antiferromagnetic type. Hamiltonian equation describing our model can be written as
H = −
∑
<ij>
J (i,j)c σiσj −
∑
<kl>
J
(k,l)
sh σkσl −
∑
<ik>
J
(i,k)
int σiσk, (1)
where σ = ±1. Jc, Jsh and Jint define core, shell and interface coupling parameters, respectively. Each summation in
Eq. (1) is carried out over the nearest neighbor spins. We assume that the nearest neighbor interactions are randomly
3distributed on the lattice according to the probability distribution functions
P (J
(i,k)
int ) = (1− pint)δ(J
(i,k)
int ) + pintδ(J
(i,k)
int − Jint),
P (J (i,j)c ) = (1− pc)δ(J
(i,j)
c ) + pcδ(J
(i,j)
c − Jc),
P (J
(k,l)
sh ) = (1− psh)δ(J
(k,l)
sh ) + pshδ(J
(k,l)
sh − Jsh), (2)
where 0 < pc, psh, pint ≤ 1. These parameters denote the concentration of actively connected bonds in the core, shell
and at the interface, respectively. Following the same methodology given in Ref. [26], we can get the usual coupled
EFT equations for the magnetizations of core and shell layers of nanowire system as follows
m1 = [A1 +m1B1]
4[A3 +m2B3][A3 +m3B3]
2
×[A1 +m4B1],
m2 = [A3 +m1B3][A2 +m2B2]
2[A2 +m3B2]
2,
m3 = [A3 +m1B3]
2[A2 +m2B2]
2[A2 +m3B2]
2,
m4 = [A1 +m1B1]
6[A1 +m4B1]
2, (3)
where m1,m4 and m2,m3 terms denote the magnetizations of the core and shell sublattices, respectively. The
coefficients in Eq. (3) are defined as follows
A1 =
〈
cosh(J i,jc )
〉
r
f(x)|x=0,
A2 =
〈
cosh(Jk,lsh )
〉
r
f(x)|x=0,
A3 =
〈
cosh(J i,kint)
〉
r
f(x)|x=0,
B1 =
〈
sinh(J i,jc )
〉
r
f(x)|x=0,
B2 =
〈
sinh(Jk,lsh )
〉
r
f(x)|x=0,
B3 =
〈
sinh(J i,kint)
〉
r
f(x)|x=0, (4)
with
f(x) = tanh(βx), (5)
where β = 1/kBT , kB is the Boltzmann constant and T is the temperature. The random configurational averages 〈...〉r
in Eq. (4) can be obtained by using the probability distributions given in Eq. (2) and the relation exp(α∇)f(x) =
f(x+ α) [69, 70].
With the help of binomial expansion, Eq. (3) can be written in the form
m1 =
4∑
i=0
1∑
j=0
2∑
k=0
1∑
l=0
K1(i, j, k, l)m
i
1m
j
2m
k
3m
l
4,
m2 =
1∑
i=0
2∑
j=0
2∑
k=0
K2(i, j, k)m
i
1m
j
2m
k
3 ,
m3 =
2∑
i=0
2∑
j=0
2∑
k=0
K3(i, j, k)m
i
1m
j
2m
k
3 ,
m4 =
6∑
i=0
2∑
l=0
K4(i, l)m
i
1m
l
4, (6)
where
K1(i, j, k, l) =
(
4
i
)(
1
j
)(
2
k
)(
1
l
)
×A5−i−l1 A
3−j−k
3 B
i+l
1 B
j+k
3 ,
4K2(i, j, k) =
(
1
i
)(
2
j
)(
2
k
)
A4−j−k2 A
1−i
3 B
j+k
2 B
i
3,
K3(i, j, k) =
(
2
i
)(
2
j
)(
2
k
)
A4−j−k2 A
2−i
3 B
j+k
2 B
i
3,
K4(i, l) =
(
6
i
)(
2
l
)
A8−i−l1 B
i+l
1 . (7)
Once the coefficients given in Eq. (7) are calculated, we can construct a system of nonlinear coupled equations from
Eq. (6) and obtain the magnetizations mi, i = 1, 2, 3, 4. Magnetizations of the core (mc), shell (msh), and the total
magnetization (mT ) of the system are defined as
mc =
1
7
(m1 +m4), msh =
1
12
(6m2 + 6m3), mT =
1
19
(7mc + 12msh). (8)
In the vicinity of the transition temperature, we have mi(T → Tc) ≃ 0. Hence, in order to obtain the critical
temperature we may linearize Eq. (6), i.e.,
Am = 0, (9)
where
A =


K1(1, 0, 0, 0) − 1 K1(0, 1, 0, 0) K1(0, 0, 1, 0) K1(0, 0, 0, 1)
K2(1, 0, 0) K2(0, 1, 0) − 1 K2(0, 0, 1) 0
K3(1, 0, 0) K3(0, 1, 0) K3(0, 0, 1)− 1 0
K4(1, 0) 0 0 K4(0, 1)− 1

 ,
and
m =


m1
m2
m3
m4

 . (10)
For the selected values of the system parameters, the transition temperature of the system can be obtained from
det(A) = 0. Finally, we should note that, as is discussed in Ref. [26], Eq. (10) is invariant under the transformation
Jint → −Jint which means that the phase diagrams are independent of the sign of Jint.
III. RESULTS AND DISCUSSION
In this section, we will discuss how the disordered shell and interface bonds of the particle affect the phase diagrams
of the system. In the following discussions, we consider a pure core layer with pc = 1.0, and also we fix the exchange
interaction of the core spins as Jc = 1.0. We will also consider both ferromagnetic (Jint > 0) and antiferromagnetic
(Jint < 0) interface coupling properties of the system. As is stated above, phase diagrams corresponding to ferromag-
netic interface coupling are also valid for the system with antiferromagnetic interface coupling. Critical temperature
of the system at which a phase transition occurs does not change since Eq. (10) is invariant under the transforma-
tion Jint → −Jint. However, in contrast to the ferromagnetic case, the nanowire system with a negative interface
coupling may exhibit a novel phenomenon, namely a compensation point which does not occur in the ferromagnetic
case. Compensation point is of particular interest, since this phenomenon has important technological applications in
magneto-optical recording devices. In addition, nanoscaled magnets such as nanowires, nanotubes, etc. are currently
considered as promising candidates due to their potential utilization as ultra-high density recording media.
A. Nanowire with ferromagnetic interface coupling (Jint > 0):
In Fig. 2, we present the phase diagrams of the system in a (kBTc/Jc − Jsh/Jc) plane with four selected values
of interface coupling Jint/Jc with different concentrations, namely with various pint values. The first conspicuous
observation in Fig. 2 is that increasing ferromagnetic shell coupling Jsh/Jc affects the critical temperature of the
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FIG. 2: Phase diagrams of the ferromagnetic nanowire system in a (kBTc/Jc − Jsh/Jc) plane with four selected values of
interface coupling Jint/Jc: (a) Jint/Jc = 1.0, (b) Jint/Jc = 0.75, (c) Jint/Jc = 0.5, (d) Jint/Jc = 0.25 with various interface
concentrations. In all figures, pc = 1.0, psh = 1.0
system in two apparent characteristics. For pint > 0, critical temperature of the system gradually increases as the
strength of the ferromagnetic shell coupling increases whereas for pint = 0, critical temperature of the system remains
constant (Tc = 4.6854) up to a threshold value of Jsh/Jc which is independent of Jint/Jc, and the system exhibits
similar phase transition characteristics observed in the semi-infinite ferromagnets [71]. Moreover, critical temperature
of the system decreases as diluting or weakening the interface bonds of the system. In Figs. 3 and 4, we plot the
core, shell and total magnetizations of the particle corresponding to the phase diagrams in Fig. 2a. As seen in Fig.
3a, when all of the interface bonds are broken (i.e.pint = 0), core and shell layers of the particle become independent
of each other and they have different transition temperatures. In this case, although the strength of the exchange
interactions are equal to each other (Jsh/Jc = 1), transition temperature of the shell layer is lower than that of
the particle core, since the shell and core layers of the particle have different coordination numbers. Horizontal line
(Tc = 4.6854) in Fig. 2 is the transition temperature of core layer of the particle, since the contribution of the
particle shell to the transition temperature is very weak. When the ferromagnetic shell coupling exceeds the threshold
value, such as for Jsh/Jc = 2.0 in Fig. 3b, the effect of ferromagnetic shell interactions becomes dominant and the
transition temperature of the shell layer becomes greater than that of the core, and hence, the linearly increasing part
of critical line originates from the transition temperature of the particle shell. On the other hand, the core, shell,
and the total magnetization curves of the nanowire system with pure bonds are depicted in Fig. 4. In this figure,
all of the ferromagnetic exchange couplings are active, hence pc = psh = pint = 1.0. In Figs. 4a and 4b, we plot
the magnetization curves for Jint/Jc = 1.0 with Jsh/Jc = 1.0, and Jsh/Jc = 2.0, respectively. In this case, we can
clearly see in Fig. 4 that, for large values of interface coupling such as Jint/Jc = 1.0, the transition temperature of
the nanowire system does not exhibit any horizontal line, since both the core and shell layers of the particle have the
same transition temperature values, even the exchange coupling constants are different from each other (see Fig. 4b).
Similar results have been observed previously in Refs.[26, 54]. However, we show that the same phenomena can be
6observed not only for weak interface coupling, but also in the presence of diluted interface bonds.
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FIG. 3: Core (solid line), shell (dashed line) and total magnetization (dashed-dotted line) curves as functions of the temperature
in the nanowire system, corresponding to the phase diagrams in Fig. 2a with Jint/Jc = 1.0, pc = 1.0, psh = 1.0
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FIG. 4: Core (solid line), shell (dashed line) and total magnetization (dashed-dotted line) curves as functions of the temperature
in the nanowire system, corresponding to the phase diagrams in Fig. 2a with Jint/Jc = 1.0 pc = 1.0, psh = 1.0
In Fig. 5, in order to investigate the effect of the bond dilution process in the surface shell on the phase transition
properties of the nanowire system, we depict the phase diagrams in (kBTc/Jc − psh) plane with four selected values
of ferromagnetic interface coupling, namely Jint/Jc = 1.0, 0.5, 0.25 and 0.01 for some selected values of ferromagnetic
shell coupling values Jsh/Jc. In this figure, it is clear that as the ferromagnetic interface and shell couplings are
strengthened then the transition temperature of the system increases and ferromagnetic phase region in the phase
diagrams in (kBTc/Jc−psh) plane gets wider, as expected. In addition, for sufficiently weak interface bonds, such as for
Jint/Jc = 0.01 in Fig. 5d, transition temperature of the system does not change until a threshold concentration in the
surface bonds p∗sh is reached. This critical value depends on the value of ferromagnetic shell coupling Jsh/Jc. Namely,
as Jsh/Jc increases then p
∗
sh decreases. For psh = 0, and in the limit Jint → 0 or pint → 0, all transition curves in Fig.
5, converge to the transition temperature of the core. This result agrees well with that found in Ref. [26] where the
magnetic surface shell sites are diluted instead of the bonds. Thermal variation of core, shell and total magnetization
curves corresponding to the phase diagrams in Figs. 5a and 5d are plotted in Figs. 6 and 7, respectively. As seen in
Figs. 6a and 6b, as the concentration of ferromagnetic shell coupling increases then the transition temperature of the
system also increases. Moreover, according to Figs. 6a and 6b, when the interface coupling is strong enough, such as
in the case pint = 1.0 and Jint/Jc = 1.0, both the particle core and shell layers have the same transition temperature.
Hence, as shown in Figs. 5a-5c, transition temperature of the system gradually increases with increasing psh. On the
other hand, as shown in Fig. 7, for pure, but weak ferromagnetic interface interactions, core magnetization exhibits
a larger curve in comparison with the shell magnetization curve when the concentration of the surface shell layer
psh is low (Fig.7a). However, after some threshold value p
∗
sh, shell magnetization curve gets wider than the core
magnetization (Fig.7b). As shown in Fig. 5d, the threshold value of the surface bond concentration p∗sh depends on
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FIG. 5: Phase diagrams of the ferromagnetic nanowire system in a (kBTc/Jc − psh) plane with four selected values of interface
coupling Jint/Jc: (a) Jint/Jc = 1.0, (b) Jint/Jc = 0.5, (c) Jint/Jc = 0.25, (d) Jint/Jc = 0.01 for various ferromagnetic shell
coupling strengths Jsh/Jc with pint = 1.0, pc = 1.0
the strength of the ferromagnetic surface coupling Jsh/Jc. The results obtained in Figs. 3, 4 and Figs. 6 and 7 are
consistent with the phase diagrams presented in Figs. 2 and 5, respectively.
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FIG. 6: Core (solid line), shell (dashed line) and total magnetization (dashed-dotted line) curves as functions of the temperature
in the nanowire system, corresponding to the phase diagrams in Fig. 5a with Jsh/Jc = 2.0, pint = 1.0, pc = 1.0
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FIG. 7: Core (solid line), shell (dashed line) and total magnetization (dashed-dotted line) curves as functions of the temperature
in the nanowire system, corresponding to the phase diagrams in Fig. 5d with Jsh/Jc = 2.0, pint = 1.0, pc = 1.0
B. Nanowire with antiferromagnetic interface coupling (Jint < 0 :)
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FIG. 8: Variation of critical and compensation temperatures of the antiferromagnetic nanowire system as a function of ferro-
magnetic shell coupling Jsh/Jc for (a) pint = 0.0, (b) pint = 1.0. In both panels, we set Jint/Jc = −1.0, pc = 1.0 and psh = 1.0.
Solid (dashed) line represent the transition temperature (compensation point) of the system.
In Fig. 8, dependence of the critical and compensation temperatures of the nanowire system on the ferromagnetic
shell coupling constant Jsh and interface bond concentration pint with Jint/Jc = −1.0 is depicted for selected two
values of the interface bond concentration. As seen in Fig. 8a, when the interface bonds are completely diluted,
compensation point depresses to zero at Jsh/Jc = 0.0 whereas for completely pure interface bonds, it has a finite
value even at Jsh/Jc = 0.0. In both cases, as Jsh/Jc increases then compensation point of the system increases,
and after a specific value of Jsh/Jc, it disappears and critical temperature of the system increases almost linearly.
We note that for strongly disordered interface bonds (i.e. pint = 0.0) the system exhibits similar characteristics of
a semi-infinite ferromagnet [71]. Critical temperature curves in Figs. 8a and 8b are identical to those obtained in
Fig. 2a for a ferromagnetic nanowire system. Magnetization curves corresponding to the phase diagrams shown in
Fig. 8 are depicted in Fig. 9. In Fig. 9a, we can clearly see that when the shell coupling constant Jsh is relatively
weaker than the core coupling Jc then the transition temperature of the system is governed by the core layer of the
nanowire at low pint values. Contribution of the shell layer becomes significant with increasing pint values. On the
other hand, when the shell coupling is greater than that of the core, the mechanism works in an opposite way. Namely,
as shown in Fig. 9b where Jsh/Jc = 2.0, at low pint values, transition temperature of the system is determined by
the shell layer, while core layer contributes to the transition temperature as pint increases. Another interesting point
in Fig. 9 is the classification of the total magnetization curves of the antiferromagnetic nanowire system. In the bulk
ferrimagnetism of Ne´el [72, 73], it is possible to classify the thermal variation of the total magnetization curves (mT )
9in five categories. The curves in Fig. 9a exhibit N-type behavior whereas in Fig. 9b, we see P-type and Q-type
dependencies with negative saturation magnetizations.
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FIG. 9: Magnetization curves corresponding to the phase diagrams in Fig. 8 with some selected values of interface bond
concentration pint for (a) Jsh/Jc = 0.5, and (b) Jsh/Jc = 2.0. The other parameters are fixed as Jint/Jc = −1.0, pc = 1.0 and
psh = 1.0. Solid, dashed and dashed-dotted lines correspond to the core, shell, and total magnetization curves, respectively.
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FIG. 10: Variation of critical and compensation temperatures of the antiferromagnetic nanowire system as a function of
concentration of ferromagnetic shell bonds psh for (a) Jint/Jc = −0.01, (b) Jint/Jc = −1.0. In both panels, we set Jsh/Jc = 2.0,
pint = 1.0 and pc = 1.0. Solid (dashed) line represent the transition temperature (compensation point) of the system.
In order to investigate the effect of the concentration of disordered bonds in the shell layer on the antiferromagnetic
properties of the system, we represent the variation of critical and compensation temperatures with psh in Fig. 10
for pint = 1.0 and pc = 1.0. In Figs. 10a and 10b, the situation is depicted for weak and strong core-shell interface
interactions, respectively. Critical temperature curves in Figs. 10a and 10b are identical to the curves labeled (i) in
Figs. 2d and 2a, respectively corresponding to the ferromagnetic system. Behavior of the critical temperature curves
in Figs. 10a and 10b are already explained before, therefore we will not discuss them here. In Figs. 10a and 10b, we
see some novel phenomena, namely the appearance of a compensation point induced by the surface dilution. That
is, if the exchange interactions in the shell layer are completely pure then we observe only a critical temperature in
the system. However, as the concentration of the active bonds in the shell layer is decreased, we can understand
that the system may exhibit a compensation point which depresses to zero at a critical concentration pcrit.sh for weak
antiferromagnetic core-shell interactions, as depicted in Fig. 10a. As the strength of antiferromagnetic interactions
between the core and shell spins increases, compensation point remains at a finite value, even for psh = 0.0. Some
selected magnetization curves corresponding to the phase diagrams in Fig. 10 are depicted in Fig. 11. As seen in
this figure, the magnetization curves exhibit N-type, P-type and Q-type behaviors, as shown in Figs. 11a and 11b,
respectively. P-type and Q-type curves exhibit negative saturation magnetization.
In a previously published work [24], in order to clarify the influence of the site dilution in the surface shell on
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FIG. 11: Magnetization curves corresponding to the phase diagrams in Fig. 10 with some selected values of bond concentration
in the shell layer psh for (a) Jint/Jc = −0.01, and (b) Jint/Jc = −1.0. The other parameters are fixed as Jsh/Jc = 2.0,
pint = 1.0, pc = 1.0. Solid, dashed and dashed-dotted lines correspond to the core, shell, and total magnetization curves,
respectively.
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FIG. 12: (a) Variation of transition temperature and compensation point curves with dilution parameter psh in the nanowire
system with antiferromagnetic interface interactions. Solid (dashed) lines represent transition temperature (compensation
point) curves. (b) Total magnetization curves for some selected values of psh for Jsh/Jc = 2.0. The other parameters are fixed
as Jint/Jc = −1.0, pint = 1.0, pc = 1.0.
the transition temperature and compensation point of the antiferromagnetic nanowire system, the phase diagrams
have been investigated for several values of the antiferromagnetic interface interaction strength Jint/Jc, and it has
been found that all of the compensation point curves reduce to zero at a critical site concentration which has a value
p∗site = 0.583 (see Fig. 2 in Ref. [24]). In order to compare these results with the present work, we plot the phase
diagrams in (kBTc/Jc − psh) plane for several values of pint and the corresponding magnetization curves in Figs.
12-14. In Fig. 12a, we select Jint/Jc = −1.0, pint = 1.0 and pc = 1.0 which means only the ferromagnetic shell bonds
are diluted. In this figure, it is clear that the compensation point always exists in the system even for psh = 0.0.
According to the magnetization curves shown in Fig. 12b, the system exhibits N-type and Q-type characteristics.
When the interface bonds are somewhat diluted, such as the case psh = 0.5 in Fig. 13a, again we observe a finite
compensation point in the system for psh = 0.0. Furthermore, the magnetization curves in Fig. 13b exhibit similar
characteristics as in Fig. 12b. The only difference is that the saturation magnetizations in Fig.12b change as psh
values are varied whereas in Fig. 12a saturation magnetizations are not altered by varying psh values. According to
our calculations, the reason is due to the fact that as the interface bonds are diluted, core and shell layers become
independent of each other, and saturation magnetization of the shell layer begins to be affected by varying psh values.
Moreover, if there exists a strong disorder in the antiferromagnetic interface bonds between core and shell layers then
all of the compensation point curves in Fig. 14a reduce to zero at a critical concentration pcrit.sh . In this case, we
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found that the magnetization curves exhibit very rich characteristics. Namely, as seen in Fig. 14b, the magnetization
curves exhibit P-type, L-type, N-type, and Q-type characteristics within the given range of psh in Fig. 14b. The
effect of the dilution parameter of the antiferromagnetic interface bonds pint can be clarified by comparing the phase
diagrams in Figs. 12a-12c. As is seen in Figs. 12a-12c, the system exhibits a finite compensation point for pint = 1.0
and pint = 0.5 even for psh = 0.0 whereas for pint = 0.1 there exist a critical concentration of shell bonds p
crit.
sh value
of which depends on Jsh/Jc.
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FIG. 13: (a) Variation of transition temperature and compensation point curves with dilution parameter psh in the nanowire
system with antiferromagnetic interface interactions. Solid (dashed) lines represent transition temperature (compensation
point) curves. (b) Corresponding total magnetization curves for some selected values of psh for Jsh/Jc = 2.0. The other
parameters are fixed as Jint/Jc = −1.0, pint = 0.5, pc = 1.0.
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FIG. 14: (a) Variation of transition temperature and compensation point curves with dilution parameter psh in the nanowire
system with antiferromagnetic interface interactions. Solid (dashed) lines represent transition temperature (compensation
point) curves. (b) Corresponding total magnetization curves for some selected values of psh for Jsh/Jc = 2.0. The other
parameters are fixed as Jint/Jc = −1.0, pint = 0.1, pc = 1.0
IV. CONCLUSION
In conclusion, in order to clarify how the magnetism in a nanoparticle system is affected in the presence of disordered
bonds in the surface shell and also in the interface between the core and shell layers of the particle, we have considered
cylindrical nanowire systems with both ferromagnetic and antiferromagnetic interactions at the core-shell interface
within the framework of EFT method. The system has been modeled by a pure ferromagnetic core which is surrounded
12
by a ferromagnetic shell layer. In order to consider the effects of the quenched disordered bonds (i.e. bond dilution),
particle shell, and also interface exchange couplings are randomly distributed on the lattice, according to given certain
distribution functions.
A complete picture of the phase diagrams and magnetization profiles have been represented. It has been shown
that for the antiferromagnetic nanowire system, the magnetization curves can be classified according to Ne´el theory
of ferrimagnetism and it has been found that under certain conditions, the magnetization profiles may exhibit Q-type,
P-type, N-type and L-type behaviors. The observed L-type behavior has not been reported in the literature before
for the equilibrium properties of nanoscaled magnets. Furthermore, as another interesting feature of the system, it
has been found that a compensation point can be induced by a bond dilution process in the surface. Finally, we have
not found any evidence of neither the first order phase transition characteristics, nor the reentrance phenomena.
Acknowledgements
One of the authors (YY) would like to thank the Scientific and Technological Research Council of Turkey
(TU¨BI˙TAK) for partial financial support. The numerical calculations reported in this paper were performed at
TU¨BI˙TAK ULAKBIM, High Performance and Grid Computing Center (TR-Grid e-Infrastructure).
[1] R.H. Kodama, J. Magn. Magn. Mater. 200, 359 (1999).
[2] Q.A. Pankhurst, J. Connolly, S.K. Jones, and J. Dobson, J. Phys. D: Appl. Phys. 36, R167 (2003).
[3] A.H. Habib, C.L. Ondeck, P. Chaudhary, M.R. Bockstaller, and M.E. McHenry, J. Appl. Phys. 103, 07A307 (2008).
[4] N. Sounderya and Y. Zhang, Recent Patents on Biomedical Engineering 1, 34 (2008).
[5] G.V. Kurlyandskaya, M.L. Sa´nchez, B. Hernando, V. M. Prida, P. Gorria, and M. Tejedor, Appl. Phys. Lett. 82, 3053
(2003).
[6] H. Zeng, J. Li, J. P. Liu, Z. L. Wang, and S. Sun, Nature 420, 395 (2002).
[7] M. Ruhrig, B. Khamsehpour, K. J. Kirk, J. N. Chapman, P. Aitchison, S. McVitie, and C. D. W. Wilkinsons, IEEE
Transactions on Magnetics 32, 4452 (1996).
[8] T. Schrefl, J. Fidler, K. J. Kirk, and J. N. Chapman, J. Magn. Magn. Mater. 175, 193 (1997).
[9] B. Mart´ınez, X. Obradors, L. Balcells, A. Rouanet, and C. Monty, Phys. Rev. Lett. 80, 181 (1998).
[10] Z. Fan and J. G. Lu, Int. J. High Speed Electron. and Systems 16, 883 (2006).
[11] Y.C. Su, R. Skomski, K.D. Sorge, and D.J. Sellmyer, Appl. Phys. Lett. 84, 1525 (2004).
[12] R. Skomski, J. Phys.: Condens. Matter 15, R841 (2003).
[13] H. Schlo¨rb, V. Haehnel, M. S. Khatri, A. Srivastav, A. Kumar, L. Schultz, and S. Fa¨hler, Phys. Stat. Sol. B 247 2364,
(2010).
[14] J. E. Wegrowe, D. Kelly, Y. Jaccard, Ph. Guittienne, and J.-Ph. Ansermet, Europhys. Lett. 45, 626 (1999).
[15] A. Fert and L. Piraux, J. Magn. Magn. Mater. 200, 338 (1999).
[16] S. D. Bader, Rev. Mod. Phys. 78, 1 (2006).
[17] V. S. Leite and W. Figueiredo, Physica A 350, 379 (2005).
[18] T. Kaneyoshi, Phys. Stat. Sol. B 246, 2359 (2009).
[19] T. Kaneyoshi, J. Magn. Magn. Mater. 321, 3430 (2009).
[20] T. Kaneyoshi, Phys. Stat. Sol. B 242, 2938 (2005).
[21] T. Kaneyoshi, J. Magn. Magn. Mater. 322, 3014 (2010).
[22] T. Kaneyoshi, J. Magn. Magn. Mater. 323, 1145 (2011).
[23] T. Kaneyoshi, Phase Transitions 85, 264 (2012).
[24] T. Kaneyoshi, Physica A 390, 3697 (2011).
[25] T. Kaneyoshi, Solid State Commmun. 151, 1528 (2011).
[26] T. Kaneyoshi, Phys. Stat. Sol. B 248, 250 (2011).
[27] O. Canko, Ahmet Erdinc¸, Ferhat Tas.kın, and Murat Atis., Phys. Lett. A 375, 3547 (2011).
[28] C. D. Wang, Z. Z. Lu, W. X. Yuan, S. Y. Kwok, and B. H. Teng, Phys. Lett. A 375, 3405 (2011).
[29] M. Keskin, N. S. arlı, and B. Deviren, Solid State Commmun. 151, 1025 (2011).
[30] T. Kaneyoshi, Physica A 391, 3616 (2012).
[31] N. S. arlı and M. Keskin, Solid State Commmun. 152, 354 (2012).
[32] O. Canko, Ahmet Erdinc¸, Ferhat Tas.kın, and A. F. Yıldırım, J. Magn. Magn. Mater. 324, 508 (2012).
[33] W. Jiang, H. Guan, Z. Wang, and A. Guo, Physica B 407, 378 (2012).
[34] T. Kaneyoshi, Solid State Commmun. 152, 883 (2012).
[35] S. Bouhou, I. Essaoudi, A. Ainane, M. Saber, F. Dujardin, and J. J. de Miguel, J. Magn. Magn. Mater. 324, 2434 (2012).
[36] D.A. Garanin and H. Kachkachi, Phys. Rev. Lett. 90, 65504 (2003).
[37] H. Wang, Y. Zhou, E. Wang, and D.L. Lin, Chin. J. Phys. 39, 85 (2001).
13
[38] H. Wang, Y. Zhou, D.L. Lin, and C. Wang, Phys. Stat. Sol. B 232, 254 (2002).
[39] E. Eftaxias and K.N. Trohidou, Phys. Rev. B 71, 134406 (2005).
[40] O`. Iglesias, X. Batlle, and A. Labarta, Phys. Rev. B 72, 212401 (2005).
[41] D. Kechrakos, K.N. Trohidou, and M. Vasilakaki, J. Magn. Magn. Mater. 316, e291 (2007).
[42] Y. Hu and A. Du, J. Appl. Phys. 102, 113911 (2007).
[43] K.N. Trohidou, M. Vasilakaki, L. Del Bianco, D. Fiorani, and A. M. Testa, J. Magn. Magn. Mater. 316, e82 (2007).
[44] M. H. Wu, Q. C. Li, and J. M. Liu, J. Phys. Condens. Matter 19, 186202 (2007).
[45] O`. Iglesias, X. Battle, and A. Labarta, J. Phys. Condens. Matter 19, 406232 (2007).
[46] O`. Iglesias, X. Battle, and A. Labarta, J. Nanosci. Nanotechnol. 8, 2761 (2008).
[47] M. Vasilakaki, E. Eftaxias, and K. N. Trohidou, Phys. Stat. Sol. A 205, 1865 (2008).
[48] M. Vasilakaki and K.N. Trohidou, Phys. Rev. B 79, 144402 (2009).
[49] Y. Hu and A. Du, Phys. Stat. Sol. B 246, 2384 (2009).
[50] Y. Hu, L. Liu, and A. Du, Phys. Stat. Sol. B 247, 972 (2010).
[51] A. Zaim, M. Kerouad, and Y. El Amraoui, J. Magn. Magn. Mater. 321, 1083 (2009).
[52] A. Zaim and M. Kerouad, Physica A 389, 3435 (2010).
[53] L. Jiang, J. Zhang, Z. Chen, Q. Feng, and Z. Huang, Physica B 405, 420 (2010).
[54] Y. Yu¨ksel, E. Aydıner, and H. Polat, J. Magn. Magn. Mater. 323, 3168 (2011).
[55] N. Metropolis, A.W. Rosenbluth, M.N. Rosenbluth, A.H. Teller, and E. Teller, J. Chem. Phys. 21, 1087 (1953).
[56] C. Kittel, Phys. Rev. 70, 965 (1946).
[57] I. S. Jacobs, C. P. Bean, in Magnetism, edited by G. T. Rado and H. Suhl (Academic Press, New York, 1963), Vol. 3,
Chap. 6.
[58] E. M. Chudnovsky, L. Gunther, Phys. Rev. Lett. 60, 661 (1988).
[59] E. F. Kneller and F. E. Luborsky, J. Appl. Phys. 34, 656 (1963).
[60] R.N. Bhowmik, J. Magn. Magn. Mater. 323, 311 (2011).
[61] R.N. Bhowmik, A. Poddar, R. Ranganathan, and C. Mazumdar, J. Appl. Phys. 105, 113909 (2009).
[62] A.Boba´k and M.Jasˇcˇur, Phys. Rev. B 51, 11533 (1995).
[63] Z. H. Xin, G. Z. Wei, and T. S. Liu, Phys. Stat. Sol. B 199, 205 (1997).
[64] C. Ekiz, J. Magn. Magn. Mater. 307, 139 (2006).
[65] T. Kaneyoshi, J. Phys. Soc. Jpn. 70, 884 (2001).
[66] J. Strecˇka and C. Ekiz, Physica A, inpress.
[67] D. Lin, A. C. Nunes, C.F. Majkrzak, and A.E. Berkowitz, J. Magn. Magn. Mater. 145, 343 (1995).
[68] R. H. Kodama, A. E. Berkowitz, E. J. McNiff Jr., and S. Foner, Phys. Rev. Lett. 77, 394 (1996).
[69] R. Honmura and T. Kaneyoshi, J. Phys. C 12, 3979 (1979).
[70] T. Kaneyoshi, Acta Physica Polonica A 83, 703 (1993).
[71] T. Kaneyoshi, Introduction to Surface Magnetism, CRC Press, Boca Raton, FL,1991.
[72] L. Ne´el, Ann. Phys. Paris 3, 137 (1948).
[73] J. Strecˇka, Physica A 360, 379 (2006) and references therein.
